Developing sustainable and efficient thermoelectric materials is a challenge because the most common thermoelectric materials are based on rare elements such as bismuth and telluride. In this context, we have produced bio-based carbon nanofibres (CNFs) derived from mixtures of polyacrylonitrile and lignin using electrospinning. The addition of lignin (up to 70%) reduces the diameter of CNFs from 450 nm to 250 nm, increases sample flexibility, and promotes inter-fibre fusion. The crystalline structure of the CNFs was analysed by Raman spectroscopy. The electrical conductivity and the Seebeck coefficient were evaluated as function of the lignin content in the precursor and carbonised equivalents. Finally, a conversion of p-type to n-type semiconducting behaviour was achieved with a hydrazine vapour treatment. We observe a maximum p-type power factor of 9.27 μW cm -1 K -2 for CNFs carbonised at 900°C with 70% lignin which is a 34.5-fold increase to the CNFs with 0% lignin. For the hydrazine treated samples, we observe a maximum n-type power factor of 10.2 μW cm -1 K -2 for the CNFs produced in the same way which is an 11.0-fold increase to the hydrazine-treated CNFs with 0% lignin.
Introduction
Ninety percent of the world's power is generated by heat engines which rely on the combustion of fossil fuels for power generation [1, 2] . These heat engines produce significant quantities of low-grade waste heat along with the associated greenhouse gas emissions [3] .
Organic thermoelectric materials have received significant attention for the harvesting of this abundant heat for electricity generation [4, 5] . Thermoelectric materials enable the generation of electricity from thermal gradients such as those associated with low-grade waste heat through the Seebeck effect. The thermoelectric efficiency of samples is often measured by the dimensionless figure of merit ZT: (1) where S, T, σ and κ are the Seebeck coefficient, absolute temperature, electrical conductivity and thermal conductivity respectively. In addition, the power factor (PF = S 2 σ) is commonly used to compare the thermoelectric efficiency of samples with similar thermal conductivities [5] [6] [7] [8] [9] [10] [11] . Carbon nanotubes (CNTs) have shown potential as one of the more efficient organic thermoelectric materials [5, [12] [13] [14] [15] . However, CNTs are not without their limitations for large scale applications due to their high cost, difficult processing, and a requirement for binders [16] .
Electrospun carbon nanofibres (CNFs) are a potential alternative to CNTs which may address their limitations [17, 18] . Nanofibres can be produced from polymer solutions or melts by electrospinning. During electrospinning, a large potential is applied between a droplet of polymer solution and a grounded collector. When a critical electric field is applied (~1 kV cm -1 ), electrostatic repulsion counteracts surface tension which holds the droplet together, the droplet is stretched into a Taylor cone [19] , and a jet of solution is ejected from the needle.
The ejected jet undergoes a whipping process dominated by bending instabilities which leads κ σT S ZT 2 = to fibre elongation, thinning, and solidification. Subsequent thermal stabilisation and carbonisation steps are required to convert the deposited polymer nanofibres into CNFs.
CNFs have received significant attention for energy storage and conversion applications due to their electrical conductivity, high surface areas, free-standing structure, ability to incorporate catalyst materials, and prospects of scalable production [20] [21] [22] [23] . These characteristics have resulted in significant research interest for electrode applications in lithium-ion batteries, supercapacitors, and dye-sensitised solar cells among others [22, [24] [25] [26] . While electrospun ceramic nanofibres [27] and electrospun CNT/polyaniline nanofibres [28] have been investigated for thermoelectric applications, we have not found any prior investigations of the thermoelectric properties of electrospun CNFs.
The vast majority of the carbon fibres and CNFs are derived from polyacrylonitrile (PAN) as the precursor material [29] . However, PAN is synthesised from petroleum sources which leads to its high cost and associated greenhouse gas emissions [29] [30] [31] . Lignin is the secondmost abundant biopolymer and is a by-product of the paper and pulp industry. These factors ensure lignin's low cost, minimised greenhouse gas emissions, and suitability for energy applications [32, 33] . Lignin is considered a promising bio-based carbon fibre precursor as its aromatic structure promotes graphitisation during carbonisation [29, [34] [35] [36] [37] [38] . However, lignin is difficult to process as it is very brittle and requires an intensive stabilisation processes prior carbonisation [35] . Blending lignin with PAN offers a solution to these limitations while also reducing the drawbacks of using PAN as the carbon precursor.
In this context, we have evaluated the morphological, structural, and thermoelectric properties of electrospun CNFs derived from mixtures of PAN and lignin. In addition, we have evaluated the influence of an additional doping treatment with hydrazine vapour on thermoelectric properties of the CNFs. The incorporation of lignin into the precursor is shown to significantly improve the flexibility and thermoelectric properties of the CNFs. We have produced CNFs with both p-type and n-type Seebeck coefficients which are essential for production of thermoelectric generators.
Experimental

Materials
Polyacrylonitrile (PAN, M W = 150,000 g mol -1 ) powder, N,N-dimethylformamide (DMF, anhydrous, 99.8%), and hydrazine (60-65%) were purchased from Sigma-Aldrich.
Organosolv Lignin (Lignin, M W = 4000 g mol -1 ) was provided by Tecnaro GmbH, Germany.
All materials were used as-received without further modification.
Preparation of Bio-based Carbon Nanofibres
CNFs were produced by electrospinning of precursor solutions containing PAN or a mixture of PAN and lignin dissolved DMF, followed by thermal stabilisation and carbonisation processes. Precursor solutions were prepared by adding a mass of PAN and of Lignin to DMF and stirring overnight at 60°C until dissolved. Solutions were prepared with PAN to lignin mass ratios of 10:0, 7:3, 5:5, and 3:7. Solutions with 10:0, 7:3, and 5:5 PAN to lignin ratios were prepared with 10 wt.% total polymer concentration, and the solution with the 3:7 PAN to lignin ratio was prepared to 15 wt.% total polymer concentration. We refer to all nanofibre samples by the percentage lignin content in the precursor solution. For example, nanofibres electrospun from the solution with a 5:5 PAN to lignin ratio are referred to as 50% lignin.
Electrospinning was performed with a laboratory-made setup consisting of a syringe pump (New Era Pump Systems, NE-300) connected to a 20 Gauge needle with a flat tip, and a power supply unit (Fraser Anti-Static Techniques, 7360P) connected between the needle and a 15 cm square aluminium collector. During electrospinning, the solution flow rate was set to 10 µl min -1 and the needle was placed 15 cm above the centre of the collector for the 0% lignin solution and 10 cm above the collector for the 30%, 50%, and 70% lignin solutions.
The relative humidity and temperature within the electrospinning enclosure were maintained at ~40% and ~20°C.
To produce the CNFs, the as-spun polymer nanofibres were subjected to thermal drying, stabilisation and carbonisation processes. As-spun nanofibres were first dried in a vacuum oven at 60°C overnight to remove any residual DMF. Dried nanofibres with 0% lignin were stabilised in a box furnace (Elite Thermal Systems, BCF13/12) with a heating rate of 2°C min -1 to 275°C for one hour in air, and dried nanofibres containing 30%, 50%, and 70% lignin were stabilised with a heating rate of 0.1°C min -1 to 200°C for 12 hours in air.
Stabilised nanofibres were carbonised in a tube furnace (Applied Test Systems, 3210) with a heating rate of 5°C min -1 to 900°C or 1100°C for one hour under a 20 ml min -1 nitrogen flow.
During stabilisation, nanofibres were suspended in an aluminium frame, and during carbonisation nanofibres were held between alumina plates. An additional hydrazine vapour treatment was performed to modify CNF thermoelectric performance. This treatment was performed by placing CNFs in a constant stream of hydrazine vapour for 15 min.
Morphological and Structural Characterisation
The morphology and diameter distribution of the as-spun, stabilised, and carbonised nanofibres were analysed by imaging with a field-emission scanning electron microscope (FE-SEM, Hitachi, S-4800). The thickness of CNF samples were measured from FE-SEM images of the CNF cross-section.
The Raman spectra of the CNFs were recorded -at room temperature in backscattering configuration -with a Raman spectrometer (Horiba, LabRAM 1A) equipped with 514 nm laser. The laser was focused to a spot-size of ~10 μm onto the CNF surface using a 50× microscope objective (Olympus). To avoid sample damage, the laser power was limited to a few microwatts. All measurements were calibrated with the spectra of a silicon sample and the spectrometer was kept in the same position to avoid inaccuracies.
Thermoelectric Characterisation
The electrical conductivity of the CNF samples was measured using a non-destructive laboratory-made apparatus. The apparatus consists of four concentric copper rings etched from a printed circuit board. The sample to be measured was placed on the copper rings for electrical contact and is compressed with a constant force. The electrical conductivity was measured for a range of applied currents. A constant current (I) was applied between the inner and outer copper rings using a power supply (Thurlby Thandar Instruments, TTi PL154) and measured using a digital multimeter (Amprobe, 30XR-A). The resulting voltage drop (V) across the inner two copper rings was measured using a digital multimeter (Agilent, 34401A). The electrical conductivity (σ) of the samples was calculated from the values of applied current, measured voltage, and sample thickness using the following equation
where t is the sample thickness, r 1 is the radius of the inner voltage contact, and r 2 is the radius of the outer voltage contact.
The Seebeck coefficient of the CNF samples was measured using a laboratory-made apparatus. The apparatus consists of two Peltier cells acting as heater and cooler, two k-type thermocouples to monitor the applied temperature gradient, and a voltmeter (Keithley, 2000) to monitor the induced voltage different. The sample to be measured was cut to a known geometry, placed on the apparatus with either end contacting a Peltier cell, a thermocouple, and a voltage contact. The Seebeck coefficient of the samples was calculated using the following equation
where S is the Seebeck coefficient, ΔV is the induced voltage difference, and ΔT is the temperature difference. The morphology of as-spun nanofibres varies with the composition of the precursor solution.
The mean diameter of nanofibres decrease as the lignin content in the precursor is increased from 0% to 50% and then increase slightly when the lignin content in the precursor is increased to 70%. This trend of decreasing diameter as the lignin content is increased up to 50% is likely due to the increased lignin content reducing the viscosity of the precursor solution; as mentioned in the experimental the total polymer concentration of these three solutions is maintained at 10 wt.%. The slight mean diameter increase when lignin content is increased to 70% is likely due to the total polymer concentration of this precursor solution being increased to 15 wt%. Beading is present along the length of 30%, 50%, and 70% lignin nanofibres. This presence of beading is likely due to the 10 cm needle-to-collector distance used for these solutions (a 15 cm needle-to-collector distance is used for 0% lignin). The increase of beading visible with 70% lignin when compared to 30%, and 50% lignin is likely due to the increased (15 wt.%) total polymer concentration of this solution. It may be possible be eliminate this beading with suitable optimisation of the electrospinning parameters for each precursor solution. The morphology of stabilised nanofibres varies from that of as-spun nanofibres. In all cases nanofibre diameter decreases by up to 10% after stabilisation. The stabilised nanofibres with 0% lignin show no distinct change in morphology apart from the aforementioned diameter decrease. As the lignin content in the precursor is increased to 30% and 50%, the morphology of the nanofibres changes during stabilisation. These stabilised nanofibres become less stiff and are observed to fuse together at their intersections; both of these observations are more pronounced with 50% lignin. These changes are likely due to nanofibres shrinking and softening during the stabilisation process and the non-uniform distribution of stress within the nanofibres due to the presence of the two carbon precursor polymers. Despite these changes, the samples retain much of their nanofibrous morphology. As the lignin content is further increased to 70%, much of the nanofibrous morphology is lost due to nanofibres fusing together.
The CNFs carbonised at 900°C, as observed with FE-SEM imaging, are shown in Figure 2 . (a -d). The mean nanofibre diameters decrease by up to 30% after carbonisation. Apart from the diameter decrease, the morphology of the nanofibres carbonised at 900°C with 0%, 30%, and 50% lignin remain largely unchanged from that of the stabilised nanofibres. The nanofibres carbonised at 900°C with 70% lignin appear to have experienced further fusion during the carbonisation process. These observations indicate that the stabilisation process is effective for nanofibres with 0% to 50% lignin, but it is not sufficient for 70% lignin.
The CNFs carbonised at 900°C with 0% lignin are straight, uniform in diameter along their length, free from beads, and not fused to one another. As the lignin content is increased to 30% and then 50%, the CNFs are less stiff, not free from beads, and fused together at their intersections; all of these observations are more pronounced with 50% lignin. As the lignin content is further increased to 70%, most of the nanofibrous morphology is lost as nanofibres fuse together. The CNFs carbonised at 1100°C, as observed with FE-SEM imaging, are shown in Figure 2 . (e -h). As the carbonisation temperature is increased from 900°C to 1100°C, the mean nanofibre diameter further decreases by approximately 15%. Apart from the diameter decrease, the morphology of the 1100°C CNFs remains similar to those of the 900°C CNFs.
The photographs inset in Figure 2 show the maximum curvature achieved by each CNF sample prior to fracture. It is observed that sample flexibility increases with increasing lignin content as the degree of inter-fibre fusion increases. As more nanofibres fuse together, individual CNF segments become shorter. This inhibits individual nanofibres from sliding past one another, and the individual layers of nanofibres throughout the sample thickness become interconnected. These features may improve the distribution of stresses among fibre segments and layers which in turn contributes to the increase in bulk flexibility of the CNF samples [39] . The mean fibre diameters of the as-spun, stabilised, 900°C carbonised, and 1100°C carbonised nanofibres from each precursor solution are shown in Figure 3 . The diameters are measured from bead-free sections of the nanofibres. As has been previously discussed, fibre diameter decreases slightly after stabilisation and further decreases after carbonisation at 900°C and again at 1100°C. The mean fibre diameters of as-spun 0% lignin is 449 nm. When the lignin content is increased to 30%, 50%, and 70%, the mean fibre diameter decreases to 270 nm, 227 nm, and 237 nm respectively. The mean fibre diameters of the 900°C CNFs with 0% lignin (292 nm) decreases to a minimum of 143 nm with 50% lignin. A similar trend is observed for the CNFs carbonised at 1100°C, where the mean fibre diameters of the 0% lignin CNFs decreases from 243 nm to a minimum of 124 nm with 50% lignin. It is also observed that the relative standard deviation of mean fibre diameters is highest with 70% lignin samples which is likely due to the high level of beading and inter-fibre fusion present. Raman spectroscopy is a useful technique for characterisation of carbonaceous based material which provides insight about their crystalline structure [40] . The normalised Raman spectra of the CNFs are shown in Figure 4 . All of the Raman spectra clearly show two characteristic peaks at approximately 1350 cm -1 and 1580 cm -1 ; these peaks are commonly referred to as the D-band and G-band [41] . The D-band corresponds to vibrations at defects or dangling bonds in the graphite crystal and is associated with a disordered graphitic structure. The G-band corresponds to sp 2 vibrations of the graphite crystal and is associated with an ordered graphitic structure. The Raman spectra are analysed by deconvoluting the D-band and G-band using Lorentzian and Breit-Wigner-Fano (BWF) functions respectively to provide an optimum fit to the data which gives information on the D-band and G-band peak heights [39, 41] . The ratios of the intensities of the D-band to the G-band, I D /I G (often called the R-value), of the CNFs are shown in Figure 5 . The I D /I G ratio reveals the degree of structural order of the CNFs; the lower the value of I D /I G the greater the graphitisation and alignment of the graphitic planes in carbonaceous materials [40] .
The CNFs carbonised at 900°C and 1100°C both show similar trends with increasing lignin content. The I D /I G ratio decreases with 30% lignin, increases when the lignin content is increased to 50%, and then decreases when the lignin content is increased to 70%. The I D /I G ratio of CNFs carbonised at 900°C also vary more than those of CNFs carbonised at 1100°C.
While there may be no obvious trend regarding the influence of lignin on the graphitisation degree of the CNFs, it is clear that increasing the carbonisation temperature from 900°C to 1100°C reduces the I D /I G ratio. This shows that samples carbonised at the higher temperature are more graphitic than those carbonised at the lower temperature.
The graphitic crystallite domain size (L a ) can be estimated by the empirical formula proposed by Knight and White which describes the relationship between I D /I G and L a as L a = 4.4/( I-D /I G ) [42] . The L a values of the CNFs are shown in Figure 5 on the secondary axis. They are calculated to be between 3.8 and 4.3 nm for the 900 ºC CNFs, and between 4.6 and 4.75 nm for the 1100°C CNFs. These estimates indicate that the CNFs carbonised at the higher temperature have larger graphite crystallites which indicates a higher graphitisation degree.
The electrical conductivity of CNFs carbonised at 900°C and 1100°C with varying lignin content are shown in Figure 6 . Also shown are the conductivity of these CNF samples after the hydrazine vapour treatment. The conductivity of the 0% lignin 900°C carbonised CNFs is 1.33 S cm -1 . As the lignin content is increased to 30% and then 50%, the conductivity increases to 2.19 S cm -1 and 3.60 S cm -1 respectively. As the lignin content is further increased to 70%, the conductivity increases to 9.65 S cm -1 .
There is a clear trend of increasing electrical conductivity with increasing lignin content in the precursor. This conductivity increase is explained by the FE-SEM images shown in Figure 2 . As we have previously discussed, the CNFs with 0% lignin show no obvious signs of inter-fibre fusion. As the lignin content is increased from 30% to 70%, the quantity of fusion points between CNFs increases; there are some signs of inter-fibre fusion at 30%, further signs at 50%, and then a significant jump to a maximum at 70%. The inter-fibre fusion eliminates contact resistance between nanofibres and as a result conductivity increases.
This observation of increasing inter-fibre fusion with lignin content matches well with the increasing conductivity with increasing lignin content. It is clearly observed in Figure 6 that the conductivity of the CNFs increases when carbonised at the higher temperature. The conductivity of the CNFs carbonised at 1100°C with 0%, 30%, 50%, and 70% lignin content are 7.64 S cm -1 , 12.08 S cm -1 , 16.32 S cm -1 , and 27.47 S cm -1 respectively. Increasing the carbonisation temperature from 900°C to 1100°C increases the conductivity of 0%, 30%, 50%, and 70% lignin by 474%, 452%, 353%, and 185% respectively. This trend of increasing conductivity with increasing carbonisation temperature is explained by the Raman spectroscopy data and analysis shown in Figure 4 and Figure 5 respectively. Increasing the carbonisation temperature from 900°C to 1100°C increases the graphitisation degree of the CNFs. The greater graphitisation degree of the CNFs, the higher their conductivity. Doping the CNFs with hydrazine vapour appears to have a minimal effect on the conductivity of CNFs carbonised at both temperatures. Figure 7 . For the CNFs carbonised at 900°C, the Seebeck coefficient of 0% lignin is 4.5 μV K -1 . When lignin is present in the precursor at any of the percentages investigated (30%, 50%, and 70%) the Seebeck coefficients increase to approximately10 μV K -1 . For the CNFs carbonised at 1100°C, the Seebeck coefficient values are lower in magnitude and display a different behaviour than those carbonised at 900°C. The Seebeck coefficient of the 1100°C CNFs decreases in magnitude from -4.5 μV K -1 with 0% lignin to -1 μV K -1 with 50% lignin. When the lignin content is further increased to 70%, the Seebeck coefficient transitions from n-type to p-type with a value of 2 μV K -1 measured.
These low Seebeck coefficient values approach those of pyrolytic graphite [43, 44] . This may be explained by the Raman results which have shown that the CNFs carbonised at 1100°C to be more graphitic. The low Seebeck coefficient values may also indicate that both semiconductor mechanisms (holes and electrons) are present in the CNFs. Thus, both effects may be competing with one another and this results in very low Seebeck coefficient values [45] . Figure 8 . For the CNFs carbonised at 900°C, the Seebeck coefficients increase from -8.3 μV K -1 , to -13 μV K -1 , and then -15 μV K -1 for 0%, 30%, and 50% lignin respectively. The Seebeck coefficient then decreases to -10 μV K -1 for the CNFs with 70% lignin. The hydrazine treatment converts the Seebeck coefficient of 900°C CNFs from p-type to n-type. This observation may be explained by the charge transfer interactions induced by the hydrazine which produce a doping effect in the CNFs. The amine groups of the hydrazine act as electron donors. Thus, hydrazine absorbed on the CNFs causes the Seebeck coefficient to change from p-type to n-type [46] . Similar results have has been reported for CNTs doped with high nitrogen content polymers [47] . However, this n-type behaviour caused by the hydrazine treatment is not stable and is lost after storing the samples for one day in air. The hydrazine treatment has a minimal effect on the 1100°C carbonised CNFs with 0%, 30%, and 50% which already display n-type Seebeck coefficients. However, a transition from p-type to n-type behaviour is observed for the 1100°C carbonised CNFs with 70% lignin.
The performance of thermoelectric materials is often measured by their power factor (PF = S 2 σ) which depends on their electrical conductivity and Seebeck coefficient. We observe a maximum p-type power factor of 9.27 μW cm -1 K -2 for CNFs carbonised at 900°C with 70% lignin which is a 34.5-fold increase to the CNFs with 0% lignin. For the hydrazine treated samples, we observe a maximum n-type power factor of 10.2 μW cm -1 K -2 for the CNFs produced in the same way which is an 11.0-fold increase to the hydrazine-treated CNFs with 0% lignin. These power factors are quite low but are similar to those reported for carbon black pellets and electrospun CNT/Polyaniline composite nanofibers [28] . There are also opportunities to improve these power factors by producing composite CNF materials. The addition of lignin to the CNF precursor significantly increases the thermoelectric performance of the resulting CNFs. This significant improvement is due to lignin's synergistic effects on the electrical conductivity and Seebeck coefficient of the CNFs.
Conclusions
We have produced CNFs derived from mixtures of the biopolymer lignin with PAN by electrospinning. The diameter of the nanofibres decrease as the as-spun nanofibres are stabilised and carbonised to produce CNFs. The morphology of the CNFs is dependent on the percentage of lignin in the precursor. Higher lignin contents yield CNFs with an interconnected structure due to fusion of nanofibres at their intersections. The increased interfibre fusion improves CNF flexibility and electrical conductivity. Increasing the carbonisation temperature increases the graphitisation and electrical conductivity of the CNFs. For the first time, we report the thermoelectric properties of electrospun CNFs and highlight the role of lignin in improving these properties. Using a hydrazine vapour treatment we convert the p-type Seebeck coefficients of the CNFs to n-type. We obtain both p-type and n-type semiconducting behaviours in electrospun CNFs which are necessary for incorporation into thermoelectric generators. 
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